Introduction the generation of PPAR␥-deficient mice and the discovery of unanticipated essential roles of the receptor The nuclear hormone receptors comprise an extended during pre-and postnatal development. First, PPAR␥ family of transcription factors that utilize ligand-borne is required for epithelial differentiation of trophoblast signals to regulate genes governing various aspects of tissue, which proves critical for proper placental vaseukaryote homeostasis, development, and reproduction cularization. These defects lead to myocardial thinning, (Kastner et al., 1995; Mangelsdorf et al., 1995). Peroxiwhich can be fully circumvented through selective ressome proliferator-activated receptors (PPARs) ␣, ␥, and cue of the placental pathology, thus revealing a novel ␦ constitute a subfamily of nuclear receptors implicated functional relationship between the placenta and the in the control of various aspects of lipid metabolism developing heart. These fetopathologies share broad (Kliewer et al., 1994; . PPAR␣ upregsimilarities with defects in mutants for RXR␣, alone and ulates the expression of enzymes catalyzing fatty acid in combination with RXR␤, suggesting that the RXR defioxidation in tissues such as the liver and the heart in ciency phenotypes arise primarily from a failure to exeresponse to endogenous ligands or synthetic peroxicute PPAR␥ functions. Finally, a PPAR␥ null mouse some proliferators (Isseman and Green, 1990 ; Lee et al., surviving to term following placental reconstitution ex-1995). PPAR␥, on the other hand, was shown to enhance hibited a phenotypic array that included lipodystrophy, cellular processes involving lipid accumulation, such as fatty liver, and hemorrhages, with fatal consequences during the first week of life. Together these findings
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identify multiple novel roles for PPAR␥, in conjunction with its coreceptor RXR and their ligands, in embryonic recovered at a Mendelian ratio of approximately 25% (Table 1) . These embryos have undergone normal choand perinatal development. rioallantoic fusion (see Figure 3C ) and are externally indistinguishable from their wild-type and heterozygous Results littermates in both size and gross morphology. All PPAR␥-deficient embryos recovered after E9.5 are dead Embryonic Lethality of PPAR␥ Null Mice We mutated the PPAR␥ gene by in-frame insertion of and exhibit progressive necrosis, identifying the narrow temporal window at which this nuclear receptor bea lacZ-neomycin resistance cassette into the second coding exon, just upstream of the DNA-binding domain comes indispensable. ( Figure 1A ). This knockout strategy eliminates both DNAbinding and ligand-binding functions of PPAR␥, concomi-
PPAR␥ Regulates Essential Placental Functions
The finding that PPAR␥ is essential as early as E10.0 tantly generating a reporter that faithfully recapitulates its expression pattern. Embryonic stem cells carrying the was unanticipated, since previous reports (Kliewer et al., 1994; Braissant and Whali, 1998) , as well as our own mutant allele were confirmed by Southern blot analysis ( Figure 1B ) and subsequently used to derive germline whole-mount ␤-gal staining of hetreozygous embryos (data not shown), failed to detect expression of this gene chimeras. Successful targeting of the PPAR␥ locus and functional utility of the lacZ reporter are demonstrated in embryonic tissues earlier than E14.5. However, our retrospective expression analysis revealed high levels by whole-mount ␤-galactosidase assays. At E14.5, conspicuous ␤-gal activity is detected only in embryos carof PPAR␥ and/or its targeted lacZ in the placenta (Figure rying a targeted allele and is specific to the interscapular brown fat pad ( Figure 1C) , which is the first tissue ex- Genotype determination of the resulting chimeras confirms this hypothesis. Viable PPAR␥ null ↔ tetraploid chimeras were recovered at E12.5 (two mutants out of a total of five), E15.5 (one out of ten), and at birth (one of six). These data demonstrate unequivocally that the essential functions of PPAR␥ during embryonic development are restricted to the placenta. As discussed below, while the rescued embryos appear viable, a second lethal phase was discovered in the perinatal period.
Vascular Anomalies in PPAR␥ Null Placentas and Their Reiteration in RXR Null Mice
The unchanged expression pattern of placenta-specific markers (data not shown) suggests that PPAR␥ is dis- maternal sinuses in the mutant ( Figure 3D ). These maternal vascular defects are intermediary in PPAR␥ ϩ/Ϫ placentas ( Figure 3B ). 2A), consistent with the notion that death around E9.5 is a common consequence of defects in extraembryonic Ultrastructural analysis of normal placental tissue reveals that by E9.5 a significant portion of the labyrinthine tissues (Copp, 1995). Robust PPAR␥ expression can be detected in the placenta at least as early as E8.5 and trophoblast establishes the characteristic three celllayered (hemotrichorial) epithelial barrier between mathroughout the remainder of gestation (data not shown), with PPAR␥1 and not the adipocyte-specific PPAR␥2 ternal blood pools and the fetal endothelium ( Figures  3E and 3F ). Adjacent layers of this epithelial barrier are being the exclusive placental mRNA isoform ( Figure 2B ). Within the placenta PPAR␥ (or interchangeably, lacZ) tightly packed and intimately associated with a compacted fetal allantoic endothelium (en), both at the deepexpression is restricted to the diploid trophoblast lineages, including the spongiotrophoblast and the entire est vascular protrusions ( Figure 3E ) and at the placentaallantois interface ( Figure 3F ). Each of the layers labyrinthine trophoblast ( Figure 2C ). Residual expression levels can be detected in some secondary giant cells.
(designated I, II, and III, counting from the maternal side toward the fetal vessels) acquires typical characterisNotably, neither PPAR␥ nor lacZ are expressed in the fetal endothelium permeating the presumptive labyrinth.
tics, which become further accentuated with time (Jollie, 1964; Enders, 1965 ). The placenta-restricted expression of PPAR␥ and the lethal effect of placental dysfunction at E9.5 and beyond
In contrast, in PPAR␥ null placentas, the invaginating chorionic villi are surrounded by excessively thick troprovide a plausible mechanistic explanation for the early death of homozygous null embryos. To test this predicphoblast tissue ( Figure 3H ), which only faintly resembles the differentiated barrier and retains the ultrastructural tion, we generated aggregation chimeras between wildtype tetraploid embryos and diploid embryos derived characteristics of the early labyrinthine parenchyma dysfunction, highlighting the existence of an apparently emerge in the heterozygote pup, while completely absent in the mutant (data not shown). These observations unrecognized but crucial placenta-heart axis.
provide direct evidence that PPAR␥ is indispensable for adipogenesis in vivo. Notably, although terminally Lipodystrophy, Fatty Liver, and Multiple Hemorrhages differentiated adipose tissue is eventually absent, there in PPAR␥ Null Mice appears to be an initial commitment to the brown fat All PPAR␥ null ↔ tetraploid chimeras retrieved between lineage in PPAR␥ mutants. This is manifested as an E10.0 and term were viable, indicating that, other than interscapular ␤-gal expressing tissue, which at E15.5 is its role in the placenta, PPAR␥ is not essential during still indistinguishable between PPAR␥ ϩ/Ϫ ( Figure 6C ) and embryogenesis. Indeed, a viable PPAR␥-deficient pup null embryos ( Figure 6D ). Thus, PPAR␥ is not required was recovered through tetraploid rescue. This pup was for the early establishment of brown adipose tissue, but a runt, yet throughout the first 4 postnatal days (P0-rather for its elaboration.
P4.0) maintained a body weight of 70% relative to its
In addition, the mutant pup exhibited a severely fatty PPAR␥ ϩ/Ϫ chimeric sibling. However, starting at P5, its liver ( Figure 6F , Li). The organ was very pale and dishealth deteriorated rapidly, as manifested by dehydratended, with a significant increase in individual cell size tion, actual weight loss ‫%02ف(‬ per day), and lethargy, and the cytoplasmic accumulation of multiple lipid dropdespite active suckling. The two pups were subselets ( Figure 6H ), as compared with the normal size and quently sacrificed for analysis at P6.5. cytoplasmic staining of heterozygous hepatocytes (FigThe mutant pup exhibited a striking Interestingly, a PPAR␥-expressing domain, which three lines of evidence. First, genetic ablation of PPAR␥ demonstrates that its presence is indispensable at the likely represents an early predecessor of the brown fat pad, can be identified in PPAR␥ null embryos. This obearliest developmental stage requiring a functional placenta-E9.5. Second, at the time of lethality, and for at servation indicates that PPAR␥ is not required for the initial stages of adipogenesis involving lineage commitleast 3-4 additional gestation days, the only embryonic tissue expressing detectable levels of PPAR␥ is the ment. However, the absence of discernable adipose tis-all other vascular processes in the null embryos are normal, including the establishment of yolk sac circulation, the formation of vitellin vessels and major arteries, and chorioallantoic fusion. Therefore, PPAR␥-dependent trophoblast functions are obligatory for placental vascularization.
The nature of such functions is suggested by the ultrastructural features of the trophoblast in the PPAR␥-deficient presumptive labyrinth. This tissue fails to undergo the terminal differentiation associated with its barrier functions, resulting in a probable decrease in metabolite exchange. Shutoff of the syncytial/epithelial program may have adverse effects on trophoblast-endothelium interactions, as well as on the integrity of the trophoblast-lined maternal blood sinuses, thus potentially contributing to the observed vascular defects. It is noteworthy that PPAR␥ is expressed in other epithelial cells, such as those of the mammary gland, the colonic mucosa, and the urinary bladder (Jain et al., 1998; Saez et al., 1998), as well as additional secretory glands (Y. B., unpublished data). It is tempting to speculate a common function for PPAR␥ in these epithelial tissues and the placenta.
Our data further indicate that PPAR␥ is required for the accumulation of lipid droplets by the labyrinthine trophoblast. The apparent dependence of this phenomenon on intact PPAR␥ signaling is consistent with the role of the receptor in coordinating lipid uptake and storage elucidated previously in adipocytes and macrophages (Tontonoz et al., 1994a, 1998; Nagy et al., 1998). It thus expands the range of tissues in which PPAR␥ is known to regulate these processes. 
PPAR␥
ϩ/Ϫ matings were treated with acid Tyrode's solution to remove the zona pellucida. Subsequently, overnight aggregates of one diploid embryo with two tetraploids were assembled in KSOMExperimental Procedures covered microdepressions in a cell culture incubator. Aggregationderived blastocysts were implanted into pseudopregnant ICR feGeneration and Analysis of PPAR␥ Mutants males, and chimeric embryos were either recovered for analysis or A lacZ-PGKneo cassette was inserted into genomic PPAR␥ DNA isolated from 129/Sv strain-derived library upstream of the first zinc allowed to develop to term.
